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CHAPTER I 
INTRODUCTION 
All the materials in the universe are made up of small 
tiny particles called the molecule which consists of atoms. 
The atom consists of a central core called the nucleus. The 
negatively charged electrons revolve round the nucleus in 
well defined orbits. The nucleus consists of positively 
charged protons and chargeless neutrons each having masses 
m fc m ^  2000m . Thus nearly whole mass of the atom is 
p n e 
situated in the nucleus. The aim of nuclear physics research 
is to find out the properties of the nucleus as well as the 
behaviour of the nuclear forces inside the nucleus. The 
discovery of radio-activity in 1869 led to the knowledge of 
C 1 ] 
the nature of nucleus. In 1919, Rutherford achieved the 
first artificial transmutation by irradiating a thin gold 
foil with alpha particle beam which opened a new field of 
study of nuclear reactions. 
A nuclear reaction is one in which an atomic nucleus 
interacts with the nuclear projectile resulting in the 
emission of elementary particles leaving behind the final 
residual nucleus. Macroscopically, in a nuclear reaction 
process, we may have the information of the reaction process 
before and after the reaction has taken place. However, what 
exactly happens during the reaction itself is not well 
known. 
[ 2] 
To explain the reaction mechanism, Bohr proposed the 
compound nucleus (CN) mechanism. According to him, as the 
incident particle comes in close contact with the target 
nucleus it is absorbed in it forming the CN and the energy 
and angular momentum of the projectile are shared by all the 
nucleons of the compound system and a thermodynamic 
equilibrium is established. After the formation of CN it 
decays and the decay of the compound nucleus is independent 
of its mode of formation. This is called the independent 
hypothesis. In 1950, Ghosal carried out experiments using 
accelerated particle beams and established the validity of 
the Bohr's independent hypothesis. The CN reaction mechanism 
C 2] 
is likely to be valid at lower excitation energies. 
However, at relatively higher excitation energies the 
reaction is generally described by direct reaction 
mechanism, which may be further classified into knock-out, 
stripping or pick-up reactions. The study of reaction 
mechanism has got a big boost by the development of part.^.e 
accelerators like Cocki±>ft - Walton accelerator, Van de 
Graff electrostatic generator and the cyclotron of Lawrence 
etc. 
At moderate excitation energies neither the CN 
reaction mechanism nor the direct reaction mechanism alone 
can explain the experimental data. This may be 
explained by referring to the fig.1-1, in which a typical 
energy spectrum of charged particles emitted in nuclear 
reactions at moderate energies is shown. The broad peak 
towards the lower excitation energy side can be ascribed to 
the compound nucleus mechanism and the sharp isolated peaks 
towards the end of the high energy tail represents the 
contribution from the direct reaction mechanism. The smooth 
distribution of particles between the two extremes of the 
spectrum cannot be explained by compound nucleus or direct 
reaction mechanisms, which serves as a bridge between these 
two extreme approaches. Both the intuition and the results 
of recent experiments indicate the emission of particles 
during the equilibration of the compound system. The 
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particles which are emitted during the equilibration of the 
compound system are called pre-equi1ibrium particles, or 
some times referred to as pre-compound particles and the 
reaction mechanism is termed as pre-equi1ibrium (PE) 
reaction process. 
Some of the important signatures of PE emission are the 
slowly discending tails of excitation functions, forward 
peaked angular distribution of emitted particles in centre 
of mass frame, relatively larger number of high energy 
particles than predicted by the equilibrium theories etc. 
Various semi-classical models and in recent years 
totally quantum mechanical models have been proposed to 
explain the PE emission of particles in nuclear reactions. 
Some of the important semi-classical models are Intra 
Nuclear Cascade model, Harp Miller Berne model, Exciton 
model, Hybrid and Geometry dependent hybrid models, 
etc. Recently totally quantum mechanical models have also 
been proposed which treat the PE emission in terms of 
statistical multistep compound (SMC) and muTtistep direct 
[13 17 3 
(SMD) processes. ' Brief details of the semi-classical 
and quantum mechanical theories are presented in 
Chapter- III of this dissertation. 
To test the pre-equi1ibrium theories, it is desirable 
to have data on excitation functions, energy and angular 
distribution of particles emitted in nuclear reactions etc. 
The excitation functions for a large number of reactions 
covering a wide range of the periodic table are available in 
literature. However, most of the earlier 
measurements have been done with a view to test the CN 
reaction mechanism and hence they cover mostly the broad 
peak region of the excitation functions. Further, in most of 
the cases the experimental excitation functions for the same 
reactions measured by different groups differ from each 
other and some times by large factors. With the aim of 
studying PE emission in a consistent and systematic way a 
programme of precise measurement and analysis of excitation 
functions has been undertaken. In this work the excitation 
function for the reaction Te (p,n) I in the energy 
range upto 5J 18 MeV is studied using stacked foil activation 
technique. A proton beam of energy ^ 18 MeV provided by the 
Variable Energy Cyclotron of VECC, Calcutta, India has been 
used to irradiate the stack of Te foils. The post 
irradiation analyses have been done using Ge(Li) detector 
coupled to the multichannel analyser CANBERRA-88 system. The 
experimental technique and the measurements are discribed in 
Chapter-II of this dissertation. 
The measured excitation function for the reaction 
Te(p,n) I has been analysed using both the 
semi-classical as well as QM models. For the 
semi-classical analysis two different computer codes i.e., 
ACT and ALICE/LIVERMORE-82 have been used. In code 
ACT the CN calculations are performed using Hauser-Feshbach 
C12] 
(HF) formalism while the PE contributions are simulated 
by Exciton model of Griffin ' . while in code 
ALICE/LIVERMORE-82 the CN calculations are performed by 
Weisskopf-Ewing model and the PE calculations are done 
within the frame-work Hybrid model. The QM calculations 
[5 13 17] 
employing the SMC and SMD approach ' ' have been 
C 2 0 J 
performed by the code EXIFON. The details of these 
computer codes are given in Chapter- IV of this 
dissertation. The results of the present measurements are 
discussed in Chapter- V and the references are given at the 
end of each chapter. 
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CHAPTER-II 
EXPERIMENTAL TECHNIQUE 
The interaction of a nuclear projectile with a target 
nucleus is generally described in terms of the 
'cross-section' which essentially is a measure of the 
probability of occurrence of a nuclear reaction. The 
cross-section may be calculated if the basic interaction 
between the particles is known. Cross-section for a specific 
reaction, a , refers to the area of an imaginary disc 
associated with the nucleus such that if the bombarding 
particle hits this disc then that particular reaction will 
take place, otherwise not. As such cross-section has the 
dimension of area and is a function of the bombarding 
energy. It is expressed in units of 'barn' which is equal to 
-24 2 
10 cm . Cross-section for a nuclear reaction can be 
measured experimentally on one hand and on the other it can 
be calculated theoretically on the basis of an assumed 
reaction mechanism. Most of the nuclear reactions at 
moderate excitation energies may be represented by 
X + a —* Y + b 
where, an incident particle 'a' strikes a target nucleus X' 
(mostly stationary ) producing a residual nucleus Y- with 
the emission of particle 'b'. The above reaction can be 
represented in abbreviated form as 
X(a,b)Y 
The cross-section for a given event may be written as, 
Number of events of the given type X(a,b) 
per unit time per unit nucleus 
xta,b>Y Number of incident particles 'a' / unit area 
per unit time (1) 
If N be the number of initial target nuclei irradiated 
o 
for a time 't' with a particle beam of flux 'fj!?', then the 
total cross-section for a given type of event may be given 
by 
the number of events of given type x<cL,b>/unit time 
a = T 
r N <j) t 
...(2) 
All the quantities in the denominator are directly 
measurable. Therefore, to calculate the cross-section of a 
particular reaction it is required to measure the quantity 
in the numerator i.e., the number of events of a given type 
per unit time. 
In general, the cross-section can be measured 
experimentally in two ways. By detecting the outgoing 
emitted particles of type 'b' during the reaction or by 
counting the residual nucleus of type 'Y'. In the in-beam 
experiments the outgoing particles are recorded by a 
particle telescope or the residual nucleus is identified by 
the prompt gamma rays or though it"5 charge and mass. On 
the other hand, if the residual nucleus has a measurable 
half-life, it may be identified by following the activity 
induced in the irradiated sample in an off-beam experiment. 
This is called the 'activation analysis'. Obviously In-beam 
experiments are more involved and complicated due to the 
large background at the detector. 
Activation Analysis and Formulation 
The Activation technique is one of the methods for 
measurement of cross-section. In this technique cross-
section is measured by following the activities induced in 
the sample by irradiation. Activation analysis can be 
defined as a method of inducing artificial radioactivity 
within a sample through the bombardment of nuclear particles 
which leads to the isotopic analysis. After irradiation 
several activities are produced in the sample due to the 
different reactions taking place. Hence, the cross section 
for more than one reaction can be measured in a single 
irradiation by the activation analysis. The concentration of 
a particular radio-active nuclei within the sample may be 
determined from the intensity of their characteristic 
radiations. In the activation analysis the stacked foil 
technique is often used to determine the excitation 
function. In the stacked foil technique a stack of samples 
with desired energy degraders is made for irradiation as 
shown in fig.II-1. The stack of samples is irradiated so 
that the different samples are exposed in identical geometry 
to different energies of incident beam. 
The activation analysis requires the knowledge of 
energy levels and the decay scheme of the residual nuclei. 
A proper choice of target material, projectile type and 
energy, time of irradiation and the half-life of the induced 
activities are of considerable importance. The activation 
analysis has found wide applications in various fields of 
applied science as well as in nuclear researches ' due to 
its selectivity, sensitivity and simplicity. The rapid 
growth in the activation analysis is mainly due to the 
substantial improvement in the detection techniques and 
nuclear electronics available for the analysis. 
When a sample having N number of target nuclei is 
o 
irradiated for a time 't ' by a beam flux of *4'\ the decay 
TELLURIUM 
A = l3p 
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FIG.If.1 ARRANGEMENT OF SAMPLES IN THE STACK 
rate of the induced activity after a time t from the stop 
2 
of irradiation is given by, 
[dN/dt] = a 4> H {1-exp(-.Kt )}/exp(Xt ) ...(3) 
t r O 1 2 
where, a is the cross-section for the reaction 
r 
producing the activity of decay constant X given by the 
relation 
>- = ln2/t ...(4) 
1/2 
where, t is the half-life of the residual nucleus. 
1/2 
The factor [1-exp(-Xt )] is called the saturation correction 
1 
and takes into account the decay of the activity during the 
irradiation.The decay of the activity in a small interval of 
time d^t' is given by, 
dN =[a <p {1-exp(-Xt )}exp(-Xt)]dt ...(5) 
If the activity induced in the sample is recorded for a 
time t after a lapse of time t , then the number of 
3 2 
nuclides decayed in time t to t +t is given by 
2 2 3 
C = f dN = a 0 N [ 1 - e x p ( - X t ) ] | e x p ( - X t ) d t . . . ( 6 ) 
i . e . , 
C = a cp N {1 -exp( -X t ) } { 1 - e x p ( - X t ) } /X exp(Xt ) . . . ( 7 ) 
r 1 9 2 
I f the induced a c t i v i t y i s recorded by a de tec to r then 
i '•> 
C can be given in terms of the absolute counting rate A of 
the detector by the expression 
C = A/[(G£)^K] ...(8) 
where, A is the total number of counts recorded in time 
t , G£ the geometry dependent efficiency of the detection, ^5 
the branching ratio of the particular radiation, and K is 
the self absorption correction for the material of the 
sample given by 
K = [1-exp(-Md)/Md] . . .(9) 
here, M is the gamma-ray absorption coefficient for the 
material of the sample of thickness 'd'. The count rate at 
the time of stop of irradiation may be given by 
C = A>. exp(>.t2) 
o ...(10) 
[l-exp(-Xtg)] 
Now using (7) and (8) the reaction cross section may be 
represented as, C 
o 
a = = = = ^ - ^ = = ^ ...(11) 
' iG£:)4' N.y K {1-exp(-Xt )} 
O 1 
So, £T can be written as 
r 
N_'p&KiG£ ) {1 -exp(-Xt )} {1 -exp(-Xt^ )} 
This is the final expression used for the calculation of 
reaction cross-section. 
Measurements 
In the present measurements excitation function for the 
130 130 
reaction Te(p,n) I has been measured experimentally in 
the energy range 5; 2-18 MeV, using stacked foil activation 
technique. The experiment has been carried out at the 
Variable Energy Cyclotron Centre, Calcutta, India. 
130 
Spectroscopically pure enriched (61%) isotope of Te was 
used as sample. The targets were prepared by the vacuum 
ISO . . . 
evaporation of Te on thin Aluminium backing of thickness 
2 130 
6.75 mg/cm . The thickness of Te deposition was 1.1 
2 
mg/cm . Using the conducting glue zapon the samples were 
fixed on Aluminium target mounts having concentric holes of 
10 mm diameter at their centres. Aluminium target holders 
are used for easy dissipation of heat. The Al degraders of 
different thicknesses were used in between the samples and 
were placed throughout the stack to achieve a wide energy 
130 
variation till the last foil. The arrangement of Te foils 
and Al degraders in the stack is shown in Fig.II-1. 
The energy of the incident proton beam on each foil has 
been calculated from the energy degradation of initial beam 
energy using the stopping power values for the Te and Al 
[9 ] 
taken from the table of Northcliffe and Schilling. The 
errors quoted in the incident proton energy are due to the 
energy spread in the thickness of the samples and the 
inherent beam energy uncertainty. The energy loss in the 
samples and degraders has been calculated by multiplying the 
stopping power with the respective thickness. 
i.e., dE = [dE/dx]dx 
The calculated values of the proton beam energy on each 
foil along with the energy spread is given in table.II-1, 
The straggling effect has not been taken explicitly as it is 
within the energy spread in each foil. The dimensions of the 
sample depend upon the geometric size of the incident beam 
while the duration of the irradiation is decided by the half 
life of the induced activities of interest. The proton beam 
of i 18 MeV provided by the VECC,Calcutta, India, was used 
for the irradiation. The diameter of the incident proton 
beam was kept 8 mm by using the Tantalum collimator. Keeping 
in view the induced activities of interest the stack was 
irradiated for about 2 hours with the proton beam current 5: 
lOOnA, The flux of the proton beam, calculated from the 
total charge collected in the Faraday cup kept just behind 
iZ 2 
the stack, was ^ 1.18x10 (protons/sec)/cm . The typical 
experimental setup is shown in fig.II-2. 
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The post irradiation analysis has been done using ORTEC 
Ge(Li) detector of 100 cc active volume having an energy 
resolution of 2 keV at 1.33 MeV, coupled to the multichannel 
analyser CANBERRA-88 available at the VECC, Calcutta. The 
152 
standard j-ray source of Eu (t .= 13.33 years) of known 
strength (1 pC) obtained from the Radio-Chemistry unit of 
VECC has been used for the calibration as well for the 
determination of the detection efficiency of the detector. 
22 54 57 dO 137 
Other standard sources like Na, Mn, Co, Co, Cs 
etc., have also been used for the energy calibration. A 
152 
typical i'--ray spectrum of Eu measured by the Ge(Li) 
detector is shown in fig.II-3. The detection efficiency may 
be calculated using the relation, 
N 
o ... (13) N [exp(-Xt)0(G)] 
oa 
where, N is the observed disintegration rate, N is 
O Oa 
the disintegration rate at the time of manufacturing, t is 
the time lapse between the manufacture and measurement, & 
the absolute intensity of the gamma ray, G. is the 
geometrical factor for counting and X is the decay constant 
of the standard j-source. The probable error in the 
determination of the geometry factor has been avoided by 
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describing the efficiency as 
G£ = N /N [exp(-Xt)]e. ...(14) 
O Oa 
where, G£ is the geometry dependent efficiency. The 
counting of the irradiated samples and the standard y-ray 
source was done in the identical geometry. 
The geometry dependent efficiency has been calculated 
at various }--ray energies listed in table. II-2, alongwith 
their absolute intensities and has been plotted for a 
distance of 6.4 cm where all the samples and the standard 
gamma ray sources have been kept for counting. The measured 
geometry dependent efficiency curve for the Ge(Li) detector 
as a function of gamma ray energy has been shown in 
fig.II-4. 
After the irradiation the samples were taken for 
counting one by one and the spectrum is recorded. The decay 
130 
scheme of the residual nucleus (I ) produced in the 
130 
reaction Te(p,n) is shown in fig.II-5. As is shown in 
^, • ^. 130^<g> . 1 3 0 ^ < m > . ^ - , _ 
this figure, I and I decay to various levels of 
130 
Xe with half-lives of 12.6 hrs. and 9 min. respectively. 
The gamma ray spectrum of each sample has been analysed in 
order to identify the photo peaks of interest produced from 
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the residual nucleus. A typical y-ray spectrum indicating 
various photo-peaks at bombarding energy % 5 MeV is shown in 
fig.II-6. The various gamma peaks of different energies 
assigned to the reaction Te(p.n) I are given in 
table.II-3 with their absolute intensities 
In general, a given residual nucleus may decay by many 
gamma rays of different energies as shown in fig.II-5. The 
cross-section in such cases may be calculated using the 
intensities of the various ?-'-rays. The final value of the 
measured cross-section has been taken as the weighted mean 
of the cross-sections calculated from the intensities of 
different j'-rays. The mathematical formula for calculating 
the weighted average is as follows, 
If X ± Ax , X ± Ax , X ± Ax ,...., X ± Ax be the different 
1 i 2 2 3 9 n n 
values of the same quantity, then the weighted average (x) 
IS given by , 
IW X 
' ' - . . .(15) IW I 
2 
where, W= 1/(AX) . The internal error is given by 
I 
r-, 1-^ 2 -t 
(iW ) standard error of the weighed mean also called the 
external error is given by the expression, 
A9>i 6S"899 
Ae>l l "9£9 
A9>l O'Sl-t' 
D9 
o • 
sq.unoo 
2 
F IW (X -X. ) 11/2 
L n(n-1)Zw' J ...(16) 
A computer programme EXPSIGMA has been used for 
calculating the reaction cross-section using the above 
meantioned formulation. The measured values of cross section 
130 , .130 
for the reaction Te(p,n) I with other details i.e., 
half-life of residual nucleus, time of irradiation, time of 
counting etc., are tabulated in table.II-4. 
Experimental errors 
In the present experiment the following factors are 
likely to introduce errors. 
(1) Errors may come up in the estimation of the number of 
target nuclei due to inaccurate estimate of foil thickness 
and nonuniform deposits of target material. To estimate the 
uncertainty in the number of target nuclei and to check the 
thickness of the samples (sample deposits) and their 
uniformity, pieces of different dimensions of the sample 
foils were weighed on an electronic microbalance and the 
thickness of each was calculated. The errors in the 
thickness of deposition of the sample materials was 
estimated to be < ^% . 
(ii) During the irradiation the beam current often 
' . •'7 
1^ ' 
fluctuates, which results in the variation of incident flux. 
Care was taken to keep the beam current fluctuations within 
<10% . In some typical runs the duration ( >1min.)and the 
amount of change in the beam current were noted during the 
irradiation time and the flux was individually calculated 
for each duration of fluctuation. These varying flux were 
then used to calculate the cross section according to the 
[ii,l2] 
formula . , 
exp (>.t ) 
a — 
r N &G£K[1-exp(-Xt )] 
O 3 
..(17) 
{<p^ [ 1 -exp(-Xt^ ) ] +0, C1 -exp(-Xt^ ) ] + } 
1 A Z a 
where, cp , (p , ... are the fluxes during the time intervals 
t , t ,... respectively and t + t +... = t (total 
A B A B 1 
irradiation time). It was expected that beam flux 
fluctuation may introduce errors < 4% . 
(iii) In case when the intensity of the induced activities 
in the sample was large, the sample detector distance was 
suitably adjusted to minimise the dead time. The dead time 
of the counting was kept <^0% and corrections for it were 
applied in counting rates. 
(iv) The measured detection efficiency of the j--spectrometer 
may be inaccurate on account of the statistical errors in 
the counting of the standard source. The statistical errors 
in the counting of the standard source was minimised by 
accumulating a large number of counts for comparatively 
larger time (5; 3000 sec). As a check, the uncertainties in 
152 
the efficiency of 121.78 key4nd 244.69 keV y-rays of Eu, 
due to statistical errors of counting ,were calculated and 
found to be < 0.3% and 0.7% respectively. However, for gamma 
rays of higher energies this error may be slightly higher 
but never exceeding 1.5% . 
(v) In the present experiment the total stack thickness 
reduces the incident proton energy at the last sample to ^ 
4 MeV . As the proton beam traverse the stack material, the 
initial beam intensity may get reduced. This decrease in 
beam intensity may introduce certain errors. The beam 
intensity I after traversing thickness X (cm) of the stack 
material may be given by the expression 
1 = 1 exp(-10 tipXN /A) ...(18) 
O Av 
where, I. is the initial beam intensity, ci is the reaction 
cross-section in millibarn, p the density of the stack 
material , N is the Avogadro's number, and A is the mass 
Av 
number of the stack material. Assuming a constant 
cross-section a = 2 barn, for example, the maximum beam loss 
at the end of Te foil is calculated to be less than 2% 
[13] 
Further, Ernst et al., have indicated that a large 
number of low-energy neutrons may be released as the beam 
traverses through the stack material which may in turn 
disturb the yield. However , such disturbing yields are also 
negligible. 
(vi) The product nuclei recoiling out of the thin target may 
introduce errors in the measured cross sections. In the 
present measurements the targets were oriented perpendicular 
to the beam with the sample deposition facing the beam. This 
avoids loss of recoiling nuclei which were stopped in the 
2 
relatively thick (6.75 mg/cm ) Aluminium backing and were 
counted along with the sample. In this way the losses due to 
recoil ha»ebeen eliminated. 
The above meantioned errors do not include the 
uncertainty of the nuclear data such as the branching ratio, 
decay constant, etc., which are taken from the nuclear data 
[5 14] 
tables and Table of Isotopes 
Table II-1 
Incident energies in 
different foils of the stack 
foil No. 
1 
2 
3 
4 
5 
6 
7 
Incident 
energy (MeV) 
4.78 + .5 
7.46 ± .5 
9.65 ± .5 
11.90 ± .5 
13.98 ± .5 
16.04 ± .5 
17.99 ± .5 
Table II-2 
Prominent y-rays and their 
absolute intensities for 
the standard j^ -source Eu 152 
y- ray energy 
(keV) 
121.78 
244.69 
344.27 
411 .11 
788.9 
867.39 
1085.28 
1089.7 
1112.12 
1212.12 
1299.12 
1408.01 
Absolute 
intensit(%) 
30.68 
7.72 
27.2 
2.25 
12.72 
4.1 
10.1 
1 .68 
13.4 
1 .43 
1 .6 
21 .97 
Table III-3 
Prominent v-rays and their absolute 
130 
intensities of I 
J--ray energy 
(keV) 
418.01 
536.10 
668.56 
739.48 
1157.49 
Absolute 
intensity(%) 
34.2 
99.0 
96.1 
82.3 
11 .3 
\ ( k 
Table. II-4 
REACTION CROSS SECTION FOR THE REACTION 130-Te(p,n) 
INCIDENT FLUX = .11800E+13 
NUMBER OF TARGET NUCLIE = .15617E+19 
HALF LIFE OF PRODUCT NUCLEUS = 44496 Sec 
SATURATION CORRECTION = .1085798 
FOIL NUMBER = 1 INCIDENT ENERGY(LS) = 4.87J:-?MeV 
COUNTING TIME = 2071 Sec. 
IDENTIFIED 
GAMMA (keV) 
418.01 
536.10 
668.56 
739.48 
1157.49 
C t=o 
5.18 
12. 17 
8.95 
6. 19 
.84 
WEIGHTED AVERAGE OF 
I 
r 
.3420 
.9900 
.9610 
.8230 
.1130 
CROSS 
G£ 
.00915 
.00690 
.00540 
.00460 
.00340 
SECTION = 
CROSS SECTION 
8 
(mb; 
8.27 
8.90 
8.62 
8. 18 
10.92 
.167 ± 
I 
+ 
+ 
+ 
+ 
+ 
. 14 
.10 
. 1 1 
.12 
.46 
,092 mb 
FOIL NUMBER = 2 INCIDENT ENERGY(LS) = 7 .46±'60 MeV 
COUNTING TIME = 2001 Sec. 
IDENTIFIED 
GAMMA (keV) 
t=o 
G£ CROSS SECTION 
(mb) 
418, 
536, 
668, 
739, 
1157, 
.01 
. 10 
.56 
.48 
.49 
178, 
396, 
286, 
209, 
16, 
.53 
.85 
.32 
. 16 
.86 
.3420 
.9900 
.9610 
.8230 
. 1 130 
.00915 
.00690 
.00540 
.00460 
.00340 
285, 
290. 
275. 
276, 
219. 
,12 
,33 
,73 
. 10 
.28 
± .73 
± .60 
± .59 
± .71 
±2.00 
WEIGHTED AVERAGE OF CROSS SECTION = 28a.JSr2 ±2.623 mb 
o ;& 
FOIL NUMBER = 3 INCIDENT ENERGY(LS) = 9.65±-50 MeV 
COUNTING TIME = 2201 Sec. 
IDENTIFIED 
GAMMA (keV) 
t=o r 
G£ CROSS SECTION 
(mb) 
418 
536 
668 
739 
1157 
01 
10 
56 
48 
.49 
161 
369 
263 
193 
16 
.76 
13 
88 
97 
.09 
.3420 
.9900 
,9610 
.8230 
.1130 
.00915 
.00690 
.00540 
.00460 
.00340 
258.33 
270.06 
254.12 
256.05 
209.32 
+ 
+ 
+ 
+ 
±1 
.68 
.48 
.52 
.62 
.88 
WEIGHTED AVERAGE OF CROSS SECTION = 2631.504 ±2.258 mb 
FOIL NUMBER = 4 INCIDENT ENERGY(LS) = 1 1 .90±-9'0 MeV 
COUNTING TIME = 2170 Sec. 
IDENTIFIED 
GAMMA (keV) 
t=o 
G£ CROSS SECTION 
(mb) 
418.01 
536.10 
668.56 
739.48 
1157.49 
83.78 
186.57 
132.61 
98.04 
7.88 
.3420 
.9900 
.9610 
.8230 
.1130 
.00915 
.00690 
.00540 
.00460 
.00340 
133 
136 
127 
129 
102 
.80 
50 
71 
43 
51 
± .50 
± .34 
± .36 
± .46 
±1 .28 
WEIGHTED AVERAGE OF CROSS SECTION = 132.355 ±1.307 mb 
FOIL NUMBER = 5 INCIDENT ENERGY(LS) = 13.98±-5'0 MeV 
COUNTING TIME = 2162 Sec. 
IDENTIFIED 
GAMMA (keV) 
418.01 
536.10 
668.56 
739.48 
1 157.49 
WEIGHTED y 
C 
t=o 
62. 13 
136.78 
93.50 
70.78 
5.29 
AVERAGE OF 
I 
r 
.3420 
.9900 
.9610 
.8230 
.1130 
CROSS 
Gi-
.00915 
.00690 
.00540 
.00460 
.00340 
SECTION = 
CROSS SECTION 
94 
(mb) 
99.22 ± 
100.07 ± 
90.04 ± 
93.43 ± 
68.86 ± 
.40 
.27 
.29 
.36 
.98 
.8^3 ±1.85 mb 
FOIL NUMBER = 6 INCIDENT ENERGY(LS) = 16.04±-f0 MeV 
COUNTING TIME = 1763 Sec. 
IDENTIFIED 
GAMMA (keV) 
418.01 
536.10 
668.56 
739.48 
1157.49 
C t=o 
55.47 
120.92 
90.99 
47.65 
4.97 
WEIGHTED AVERAGE OF 
I 
.3420 
.9900 
.9610 
.8230 
.1130 
CROSS 
Gi^  
.00915 
.00690 
.00540 
.00460 
.00340 
SECTION = 
CROSS SECTION 
(mb) 
77 
88.59 ± 
88.47 + 
87.63 i 
62.91 ± 
64.70 + 
.43 
.29 
.33 
.32 
.31 
.932 ±2.705 mb 
FOIL NUMBER = 7 INCIDENT ENERGY(LS) = 17.99±*5t) MeV 
COUNTING TIME 4963 Sec. 
IDENTIFIED 
GAMMA (keV) 
418.01 
536.10 
668.56 
739.48 
1157.49 
C 1=0 
60.09 
141.84 
102.25 
79. 10 
7.10 
WEIGHTED AVERAGE OF 
I 
r 
.3420 
.9900 
.9610 
.8230 
.1130 
CROSS 
G£ 
.00915 
.00690 
.00540 
.00460 
.00340 
SECTION = 
CROSS-SECTION 
(mb: 
95.96 
103.77 
98.47 
104.41 
92.36 
loa.z^ ± 
1 
+ 
+ 
+ 
+ 
±1 
.68 
.52 
.52 
.60 
.88 
.796 mb 
•i ' 
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CHAPTER-III 
NUCLEAR REACTION MODELS 
Nuclear reaction can be ordered according to the time 
scale involved. The time lag in a given reaction may be 
introduced by an alternative mechanism to the direct one, by 
means of which the system can proceed to the next channel of 
interest. According to Feshbach instead of the system 
proceeding in a single step to the final state, it can make 
a transition to another channel and so delays the development 
of the final state. For example, if the energy is too low 
the only reaction that can occur is the elastic scattering 
as the system could never leave the incident channel. If the 
energy is still increased the various processes which may 
occur in different time stages are as shown in Fig.III-1. In 
the first stage the incident particle and the target nucleus 
starts coming within the range of nuclear forces resulting 
in scattering and/or absorption of the incident particle. 
The absorption leads to a second stage in which a compound 
system is formed. The compound system eventually decays by 
the emission of particles and/or -^-rays leaving behind the 
residual nucleus. This stage is the most complicated and a 
little is known about what happens exactly in this stage. 
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It was Niels Bohr who first postulated a theory to 
deal with the nature of nuclear reactions. He proposed that 
when a projectile interacts with the target, the projectile 
may be absorbed by the target forming a compound nucleus 
(CN). This CN lives long enough so that the energy and the 
momentum of the incident particle is shared among all the 
nucleons of the compound system. Depending on the energy 
available, the CN may break up into residual nucleus with 
the emission of nuclear particles like neutrons, protons, 
alpha particles or gamma rays. This is known as compound 
nucleus reaction mechanism. The CN reaction displays a 
Maxwellian energy spectrum with symmetric angular 
distributions in centre of mass frame. This compound nucleus 
reaction occurs at relatively lower energies. At relatively 
higher energies the incident particle is likely to interact 
with only one or a few particles transferring all the 
energy, knocking out nucleons and the process is called the 
direct reaction mechanism, which is characterised by 
discrete energy spectrum of emitted particles with 
diffraction like angular distribution. 
In CN reaction mechanism the particles areemitted only 
after the thermodynamical equilibrium is established in the 
CN. However, both the intuition and the recent 
experiments ' ' indicate that particle emission may 
take place even before the establishment of thermodynamic 
equilibrium. It is very much likely that after each 
collision particles are emitted. In the light particle 
induced reaction it is more likely that the CN may not be 
formed only in a single step reaction, but proceeding 
through a fast nuclear cascade such that after the first 
projectile-target interaction the few initially excited 
particles and holes (together called excitons) lose energy 
by exciting further excitons. The particles which are 
emitted during the establishment of thermodynamic 
equilibrium are called pre-equi1ibrium or pre-compound 
particles and the reaction mechanism is termed as 
C 3 ] 
pre-equi1ibrium (PE) . Usually the particles which are 
evaporated during the equilibration have higher energies 
compared to those which are emitted in CN decay and the 
probability of PE emission increases with projectile energy. 
The overall picture can be understood by referring to 
the time scales involved in the reaction. The direct 
reaction is the fastest one, where^^by the incoming nucleus 
has only one interaction with the nucleus. So the duration 
of the direct process is typically of the order of the 
traversal time of the incident nucleon through the nucleus, 
-23 
I.e., ^ 10 sec. At the other extreme, the compound 
reaction takes place after many interactions so that the 
incident energy has become statistically distributed over 
all the nucleons, i.e., at a time scale of about 10 sec. 
The pre-equi1ibrium reaction is intermediate between these 
two and describes the situation that occurs after a few 
interactions of the inco/ming nucleon on its way through the 
nucleus. This can also be pictured in terms of memory. In 
direct reactions, there is a strong correlation between the 
incident and the exit channels, whereas in compound nucleus 
reactions these channels are assumed to be independent. As a 
result of large number of interactions within the nucleus, 
the nucleus has lost its memory of the incident channel. 
Then, pre-equi1ibrium reactions are those reactions that may 
have lost some, but not all, memory of the entrance channel, 
This intuitive notion of gradually loosing memory is made 
mathematically precise in theoretical models by assuming 
[23 
multi step reactions 
Statistical models 
ti] 
According to Bohr when an incident particle strikes 
the target nucleus, a compound nucleus is formed. The 
disintegration mode of the compound system is independent of 
its mode of formation. The disintigration of CN takes place 
only when sufficient amount of energy has been concentrated 
on one or a group of particles. At moderate excitation 
energies the decay of the compound nucleus may be described 
by Weisskopf-Ewing statistical model which gives the 
following relation for the average reaction cross-section. 
n.= [a (j)][G/G] ...(1) 
J k comp k 
where, the symbols j and k denote the incident and 
outgoing particles, a (j) represents the cross-section for 
OOVtip 
the formation of the compound nucleus which can be 
calculated by using the transmission coefficients for the 
partial waves. The second factor called the branching ratio, 
may be calculated on the basis of the level density. 
Generally the level density for a nucleus can be given as 
W(E) =C exp(2E/e) . . .(2) 
here, C is a constant for a given nucleus, E the 
excitation energy and e is the nuclear temperature. 
In Weisskopf-Ewing model no consideration of 
conservation of angular momentum and parity is taken into 
account while in Hauser-Feshbach (HF) model, the parity 
conservation and angular momentum conservation are 
explicitly taken into account. The optical model 
formulations have been used for calculating the absorption 
cross-section. The average cross-section for the reaction 
I (j,k)L can be given as 
'' ' (2A1) 
I 
* E T^'c/j.s) E T^(/.1,S )/T^.f/) ...(3) 
where, \i and v represent the energy states of the 
target nucleus(I) and residual nucleus (L). M is the 
,1 
u 
reduced mass and E is the energy of the compound system 
J 
U M 
(I +j) in centre of mass frame. J and J are the spins of the 
I J 
nucleus I on the state |i and the particle j , J and FT, 
represent the spin and parity of a resonance state in 
compound nucleus. T (J , l,s) and T, (J ,l,s ) are 
u i> 
transmission functions for the (I +j) and L +k) systems 
respectively. T (J )being the sum of the transmission 
lot 
functions for all channels. But at the time of experiment, 
the target is generally in its ground state, so ji is zero. 
Total cross-section a, averaged over all energy states can 
be given as 
iThV(2M.E.) T.(/)T.(/) 
a^=Za^= -^^  I (2J+1)-^ ^ ^ 
^ V ^ (2J +1)(2J.+1)J,IT T. (J ) ...(4) 
I J tot 
here, T . (j") = T T (/, 1',s') ...(5) 
I • 3 
and 
\.(j") = Z Tj^ (J "l.s) ...(6) 
Is 
Pre-egui1ibrium Models 
Recently various semi-classical as well as quantum 
mechanical theories have been proposed to explain the PE 
emission of particles. Some of the important semi-classical 
models are; 
1. Intranuclear cascade model 
2. Harp Miller and Berne model 
3. Exciton model 
4. Hybrid/Geometry dependent hybrid model 
[1 ]. Intranuclear cascade model: 
This model was proposed by R.Berber in 1947 and 
[12] 
modified by his collaborators for explaining various 
experimental data. This is the earliest model applied for 
the equilibration process in nuclear reaction. 
According to this model the successive two body 
interactions are followed in three-dimensional geometry in 
'i II 
nuclear reaction. The trajectories of the nucleons are 
followed one at a time during the cascade until an arbitrary 
energy above the equilibrium value has been attained by the 
nucleons. A diagramatic representation of this model is 
shown in Fig.III-2. The various forms of the nuclear 
potential well and the nuclear density distribution have 
been used. The main advantage of this model is that it can 
predict the angular distibution of emitted particle. But in 
the medium energy range the model has not reproduced the 
energy distribution data successfully. 
[2]. Harp Mi 1ler and Berne model 
tl3-l<S] 
This model is proposed by Harp et.al . In this 
model the nuclear reaction at high energies has been assumed 
to proceed in two steps. In the first step, called the fast 
step, the incident particle develops a cascade in the target 
nucleus through a series of binary collisions, in which some 
particles escape. Here, only a few degrees of freedom in the 
target nucleus are excited. This step is usually denoted as 
the direct component of the reaction. In the second step, 
called the slow step, the residual excited nucleus 
de-excites through the emission of nucleons or gamma rays. 
It is assumed that many degrees of freedom of the residual 
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nucleus are excited here. The residual nucleus is assumed to 
be in statistical equilibrium. The basic idea of this model 
is shown in fig.Ill- 3. Here, the reaction starts at some 
time t . In actual calculation the total excitation is 
o 
divided into bins of some suitable width (say 0.5 MeV). The 
number of available single particles (occupation density) in 
each bin has been computed using Fermi gas distribution and 
is stored. During the evolution of the reaction, the 
population in these bins changes due to the scattering and 
emission of particles into the continuum and allowed 
transitions rates for all nucleons in the nucleus is 
calculated. The two-body transition rates are calculated 
using N-N scattering cross-section . The state of 
equilibrium is assumed to reach when the fractional 
occupation of each bin is equalised by the set of coupled 
[13] 
differential equations . Though, the problem of imitating 
the energy bin population in the time is an intricate 
problem, the model is simple in approach as compared with 
the others. 
[3]•Exciton model 
Cl<S] 
The exciton model was proposed by Griffin and later 
[24 27 321 
modified by many co-workers ' ' to explain various 
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experimental nuclear reaction data. The physical concept of 
exciton model is illustrated in fig.III-4. The nucleus is 
modelled as a Fermi-gas and the exciton numbers (the sum of 
particles and holes) as the dynamic variables. The idea 
behind the exciton model is that this reduction to a single 
dynamical variable is basically sufficient to explain 
pre-equi1ibrium/ multi-step reactions. Instead of tracing 
all classical trajectories one ^ traces only the 
temporal evolution of exciton number, which changes in time 
as a result of nucleon-nucleon collisions inside the 
nucleus. This strongly reduces the computational complexity. 
The exciton number n' can be viewed as the measure of 
[7] 
complexity of the nuclear state . 
As shown in the fig.III-4, the incident nucleon enters 
the nuclear potential where all the fermions are in the 
ground state. It is assumed that two-body interactions occur 
and after the first interaction a particle is emitted to the 
continuum creating a hole in the Fermi level giving rise to 
2p-1h state, thus an initial state with n = 3 is formed. The 
o 
successive two-body interactions could result in changes in 
the exciton number by An = +2(a new particle hole pair) or 
An = -2( anihilation of a particle hole pair) or An = 0 
' i 'I 
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Fig. 111-4. PICTORIAL RFPRESFNTATTON OF EXCITOM MODEL 
(creation of a different configuration with the same exciton 
number). The An = +2 transition being predominent at high 
energies. However, at any stage there is a non zero 
probability that a particle is emitted as illustrated in 
fig.III-5. Should this happen at any early stage, it is 
intutively clear that the particles emitted retain some 
'memory' of the incident energy and direction. This phase is 
the pre-equi1ibrium or multistep phase, which is expected to 
be responsible for the experimentally observed 
non-Maxwel1ian high energy tail of the excitation function 
and the forward peaked angular distriblution of the emitted 
particle. 
In this model, the particle hole state density in the 
uniform spacing model is given by Williams as; 
, ,^, g[gE -A(p,h)]"'"'' ...(7) 
P (E) _ 
|P!h!(n-1)! 
here, A(p,h) =Up^+ h')+^(p-h) - ^h ...(8) 
4 2 2 
and n= p+h 
where, g is the single particle state density, E the 
level energy and A the mass number of the CN, respectively. 
The probability of decay from n-exciton state is given as, 
l i q . I J l - ^ . R'aiulr)))! walk iiiotii-J (if pr >-•( cimiHuiml decay . 
The e v o l u t i o t i o f a f i i g d l y (>x( ; i ted n u c l e u s i s vi'^-wod a-. 
r.iiKfoin walk a l l o w i n g f'oy ;-,t,«»r)'-. in t.fii^ f o r w a r d , tiacl-wat f( .uu! 
s i d e w a r d d i r e c t i o n s . The h o l e s i n t h e road rep resen t . f.-io 
decay o f t h e n u c l e u s as a r e s u l t o f e m i s s i o n . The v a l u e o f 
e x c i t . a t i o n number ( i . e . , t f i e c o m p l e x i t y ) i s i n d i c a t e d by tht> 
d i s t a n c e f r o m t h e s a l o o n . Tfie p r o b a b i l i t i e s a re such t l i a t 
t h e w a l k i n g n u c l e u s w - i l l end somewhere h a l f - w a y between tiv:^ 
s a l o o n and t h e f iouse , i f i t i s n o t t r a p p e d by a h o l e b e f o r e . 
T^:e l a m p - p o s t s y m b o l i s e s thp p h y s i c i s t who a t t e m p t s t o 
thi 'ougk) some l i g l i t on t h e f u n d a m e n t a l p r o c e s s e s i n natun-^ . 
P (e)de = (2s+1)[p (U,E)/p (E)]Qn p'dp / h ^ ^ T ...(9) 
where, T is the mean life of n-exciton state. The 
n 
total decay probability is then obtained as, 
n 
,2. 3 P(e)de = rpn(E)dE =(2s+1)€ma/n h gE 
Ari = + 2 
n 
* r (U/E)""^P(n-1 )T de ...(10) 
. n-n n 
Ari= + 2 
The mean life-time T may be evaluated on a relative 
n 
basis as follows 
Xr-,,)-, = 1/T = 20 /h { M | V (E) ...(11) 
where, JMJ is the matrix element for the two-body 
residual interactions, p is the transition rate from an 
n 
initial exciton state (n) to a final state (n). The matrix 
element JMJ for two-body residual interactions is not well 
C243 
known. Kalbach-Cline gave the following expression for 
the energy dependence of the sequence of average value of 
the two-body residual interaction matrix element. 
IMI^ = F .A"^E'^ . . .(12) 
Where, A is the mass number and E the excitation energy 
3 
of the compound system. F (MeV ) is treated as an 
M 
adjustable parameter and values ranging from 95 to 
3 [27] 
7000 MeV are reported for it in literature. 
[4].Hybrid and Geometry dependent hybrid models 
C303 
Blann proposed the Hybrid model which maintains the 
simplicity and physical transperancy of the exciton 
.tl2] 
model , while the differential cross-section can be 
.Ci5] 
calculated as in HMB model . The continuum decay rates 
are calculated from the particle state densities. The mean 
free path of nucleons is calculated from N-N scattering 
cross-section. The pre-equi1ibrium decay probablity in 
hybrid model is given as: 
P (s)d€ = - r 
nP-
p , (U,E)gde -, 
ph 
P , (E) 
ph 
>- (e) 
X (E) + X (E) 
= 2 nP (s)d€ 
n-n X 
O 
(13) 
The expression in the first set of brackets represents 
the particle state densities to give the number of particles 
of type X, in an n-exciton state, that are in virtual level 
with energy between <= and e + de in the continuum. The 
expression in second set of brackets gives the ratio of 
decay rates into continuum to the total decay rates. D 
N 
represents the population surviving particle emission from 
simpler state, 
[25] 
The hybrid model has been modified to include the 
effect of nuclear density distribution in pre-equi1ibrium 
emission. This has been done by developing a geometric 
dependence of the impact parameter of incident partial 
waves. This modified model has been reformulated as a sum of 
contributions over impact parameter , 
(X 
a (t)dt = n >..^2 (21 + 1) TP (e)de , ...(14) 
l=o 
where, T are the optical model transmission 
coefficients for projectile and P is the pre-equi1ibrium 
X 
probability calculated as a function of nuclear density. 
£181 
Nuclear densitly is given by the Fermi distributions , 
d(R) = d [exp(R-C)/Z+1]"^ ...(15) 
where, d(R) is the nuclear density at radius R with d' 
as the central nuclear density. 
1/3 
C = 1.07 A fm and Z = 0.55 fm. ...(16) 
The pre-equi1ibrium decay is affected by the nuclear 
density distribution in two ways 
(1) the mean free path for intranuclear transition will be 
in diffuse edge, 
(ii) the Fermi energy will be lower in the diffused region 
The single particle level density can be given as 
g^ (^R) = [E^/E^(R)](A/28) ...(17) 
here, A is the mass number of the excited nucleus, 
E.(R) is Fermi energy at R. 
Quantum Mechanical theories 
In quantum mechanical theories a distinction between 
the reaction processes is made on the basis of angular 
distribution of emitted particles. As one moves away from 
the evaporation regime towards higher energies, first the 
angular distribution of emitted particles become 
o 
anisotropic but remains symmetric around 90 in centre of 
mass and eventually at still higher energies this symmetry 
around 90 is also lost. The processes which produce 
o 
anisotropic angular distributions symmetrical around 90 are 
called as statistical multistep compound (SMC) reactions, on 
the other hand processes giving forward peaked angular 
distributions, like the angular distribution characteristics 
of direct reactions, are termed as multistep direct (SMD) 
processes. In quantum mechanical theories the cross-sections 
are taken as the sum of of contributions from these two 
processes, with the SMC prevailing near the evaporation 
region and the SMD near the direct region. 
[5] Multistep Compound Theory 
In the multistep compound theory chaining 
hypothesis ' ' is made to make the computation 
practicable. As in exciton model , it is assumed that 
transition with in a chain of excitations can only be made 
one step at a time. The stage number N is related to the 
excton number n by n= 2N+1 as can be seen in fig.5. With the 
increase in the particle-hole pairs, the level density also 
increases and since the probability of a transition is 
proportional to the level density in the final state, the 
reaction predominently goes towards the higher exciton 
number. To make the calculation easy , it has been assumed 
that the probability of internal transition is negligible. 
Thus the cross-section for the pre-equi1ibrium emission is 
given as the product of three factors viz. the cross-section 
for the formation of the composite system (a ), the 
a 
t K 
probability of pre-equi1ibrium emission from N stage 
summed over all stages(P) and the probability of reaching 
the N stage (P). The cross-section for the formation of 
n 
the composite system is given by, 
a^ = nh^S (2j + 1)T^ ...(18) 
The probability of emission of a particle into the 
continuum from the N stage(P) is given by the sum of 
probabilities of all possible emission processes devided by 
the total width F . The probabilities of all possible 
nJ 
emissions are proportional to the sum of all products of 
emission width V^ (U) and the level density p (U)of the 
N J J 
final stage v at excitation energy (U). Thus the required 
probability (P) is 
^ < " ^ ( U ) P ("» ...(,3, 
I <L > 
V 
Ih The probability of reaching the N state without 
pre-equi1ibrium emission (P ) may be given by the product of 
n 
Ih the probabilities of surviving the m stage 
4. 
N-i <r > 
mJ 
P = n -F • • • (20) 
M= 1 mJ 
where, <r > is the total width, which is equal to the 
rri J 
. 4. 
sum of the total escape width <r~ > and damping width <r > 
referring to emission and internal transitions respectively. 
i; ! 
- * ^ 
<i > = <r^ > + <r > ...(21) 
mJ mJ mJ 
Collecting the above factors, the double differential 
cross-section for pre-equi11ibrium emission can be given by 
the following expression using the random-phase 
approximation . 
2 OC 
^-^ = n>.^ E(2J+i)i; Id; p^(cose) 
J N=l l9J 
<rt'-^'Sp''(u)>N-i <^ '^  > 
^ y^J g mJ . . . ( 2 2 ) 
*- <r > n <r > J 
NJ M=l MJ 
where, 
c = (-)'(;^)C")z(iJiJ;sM •••(23) 
Integrating over all angles 
<rt^^^u) p^u)> 
dcr . 2_,„ , . xr^« NJ s 
—=TrA E(2J-^1)EE ^^-, 
J NlsV NJ 
* mJ ^ . . .(24) 
m=l mJ 
Above expression has been derived from time 
independent theory in the strong coupling limit. In this 
expression it has been assumed that the target spin is zero. 
All the factors in the above expression are calculated 
quantum mechanically or, as in the case of level density 
function, obtained from the known systematic properties of 
t3] 
the nucleus . The level density is generally calculated 
C28] 
using Ericson's expression based on equidistant spacing 
model, with an additional factor giving the spin 
distribution 
N 
P1(E) = P,,(E) S E p (E) s"; ...(25) 
where, 
n = 2N+1 and p (E) = g(gE)^"'*'/p!h!(n-1)! ...(26) 
here, g is the single particle state density and p,h 
the number of particles and holes (p+h = n). The spin 
dependent factors S is given by, 
N , ^ , 1/2 3/2 3 ^ , , ^ 2 , 2 , , , 
S = (2J+1)/n n a exp[-(J=1/2) /nff ] ...(27) 
2 
where, a is the spin cut-off parameter related to the 
nuclear temperature T by the following expression, 
a ^ =2CT, C r A'^^/90 (MeV)~* 
2 2 
and E = ar - r, a = IT g/6 
At each stage the emission into the continuum can take 
place in three ways corresponding to changes in the stage 
number i' = N to N ± 1 . Width for each transition may be 
given as a product of three factors, the first depending on 
the level densities, the second on angular momuntum coupling 
and third on the wave function of the interacting particles. 
<rt'-/^ (U)p''(U)> = x'f (U) A^U) O^U) ...(28) 
4. 
Similarly the width <r > may also be expressed as the 
product of three factors, but in this case one will have to 
use 9(U), the wave function for bound state only. With the 
onset of the reaction, the emission probability falls from 
one stage to the next stage and the rate of increase of the 
level density decreases. Ultimately the whole nucleus is 
excited and the reaction enters the stage of statistcal 
emission from the excited compound nucleus. So, it is 
necessary to clarify the pre-equi1ibrium and equilibrium 
nuclear stages for calculations. Feshback, Kerman and 
[5] 
Koonin have arbitrarily assumed that the equilibrium 
emission starts from the r stage, which is defined as the 
last stage having the level density less than or equal to 
ten times the level density for the (r-1) stage. So the 
t h probability that the nucleus reaches the r stage without 
particle emission is given by 
r <r > 
P „ = n ^ •••(23) 
k = l k 
Using HF formula multiplied by P , the cross-section 
r 
for the emission of particle from this stage may be 
calculated. All these calculations are valid for one 
particle emission. But in principle this formula can be 
extended to find out the cross-section for multiparticle 
emission also. Multistep compound theory is useful in 
reactions at lower incident energies on the lighter target 
nuclei. 
[61.Multistep Pi rect Theory 
Multistep direct theory is more relevant for the 
calculation of reaction cross-section at higher energies, 
where there is always at least one particle in the 
continuum. It is more useful to consider the reaction taking 
place in a number of stages. The total emission 
cross-section is given as the sum of emission from all 
stages. 
,2 2 2 
d ff da da ,^^^ 
= + ...(30) 
dOde (dOd€)or-,s (dOd€)multi 
step step 
The c r o s s - s e c t i o n f o r a t r a n s i t i o n f rom (N-1) t o N 
stage i s g iven by 
\A/, N,N-1 
dW (k ,k ) 
N,N-1 N N-1 
dU de 
(31) 
where, k is the particle momentum at the N stage. 
N 
Assuming that the retrograde processes are negligible, then 
the total multistep cross-section can be given as, 
N+l 
s, =Es =E51 WW w s 
m u L l i s t e p ^ N W M H I - 1 MN N 2 i 1 
.(32) 
Integrating over all angles and momenta, the full 
expression for the multistep cross-section is 
d 2ff 
r dk 
It 
dU dJ}rnull i = E Z 
r dk 
J(2Tr)- ( 2 I T ) 
dk 
N 
(2rT)-
( 3 3 ) 
dW ( K . , K ) dW (K ,K ) 
MN J N K , N - 1 N K-1 
dU.drj 
1 f 
dU d£J 
N N 
dW (K ,K ) d a , 
21 2 1 vf 
dU dO 
2 2 
dU diJ 
1 
The transit ion matrix element is given by the expression, 
dW (k k ) 
N , N - 1 N N - i 
d U d t J a L n q l * 
5 t w p 
2r r ^p (k ) p ( U ) < | \ / ( k k ) | " > 
N ^ N I N , N - i I 
. . . ( 3 4 ) 
3 3 
where, p(k ) = mk/[(2ir) h ] is the density of the 
particle state in continuum, p (U) is the level density of 
the residual nucleus at excitation energy U and 
\/ (k k ) is the matrix element describing the 
N,N-i N N-1 trans tion from state (N-1) to a state N when the particle 
ij f 
in the continuum changes its momentum from k to k . 
N-l N 
This matrix element is given by the distorted wave Born 
approximation expression as, 
\/ ,(k k. )= f>*"\*JV(r)|*, >:t^ '^dr ...(35) 
where, V(r) is the effective interaction for the 
transition, > and v the incoming and outgoing distorted 
"a 'b 
waves, ^l and *. are the initial and final states. Similarly 
I f 
the averaged single-step cross-section may be written as, 
/ « rpt(u,<^> • • • < = ^ ' 
dUdii , ** '"2' " df2 
s I ri g I s L 
step 
where, the suffix 2 indicates the stage of the residual 
nucleus after the first interaction. Over all multistep 
direct theory has given a good fitting to the experimental 
data showing the contributions of each step in the chain of 
interactions to the measured cross-section. Theoretical data 
obtained by multistep direct theory is not in good agreement 
for lower incident energies and this was attributed to 
multistep compound emission. 
p!i 
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CHAPTER-IV 
COMPUTER CODES 
Various computer codes based on semi-classical and 
quantum mechanical models are available for theoretical 
calculations. In the present,work semi-classical codes 
ALICE/LIVERMORE-82 and ACT and quantum mechanical code 
EXIFON are used for the calculation of excitaton functions. 
These codes are described briefly in the following parts. 
[1]. ALICE/LIVERMORE -82 
In code ALICE/LIVERMORE-82^" Weisskopf-Ewing model^ ^^  
is used for equilibrium part of analysis while the 
pre-equi1ibrium emission is considered within the framework 
[ 3] 
of Hybrid model/Geometry dependent hybrid model. The 
Weisskopf-Ewing model does not take into account the 
conservation of angular momentum explicitly. The types pf 
particles which are considered in the exit channel of code 
may be neutron, proton, deuteron and/or alpha particle. This 
code is valid for excitation energies of the compound 
nucleus upto 200 MeV, A compound nucleus at the excitation 
energy E with some cross-section a is formed as a result of 
the absorption of incident particle into the target nucleus. 
Weisskopf-Ewing calculations are then performed by 
evaporating a neutron, proton, deuteron and/or alpha and 
population of residual nucleus is stored in proper bin. The 
evaporation cascade is computed with a bin width of 1 MeV. 
The control then moves over to (A-1) bin, the bin following 
the neutron emission. In this way it can go upto 11 mass 
units. Next it drops down in Z to the nucleus A, Z-1 and 
calculations are repeated. This is illustrated in fig.IV-1. 
The inverse reaction cross-sections as used in the present 
version of the code may either be read from cards or may be 
computed by an optical model subroutine as default option. 
The transmission coefficients for the projectile mass ^ 2 may 
be calculated by parabolic model of Thomas, while the 
calculation of transmission coefficients for the n, p and d 
in the entrance channel may be performed by using optical 
model parameters . The pre-equi1ibrium emission of 
particles may be simulated by Hybrid/Geometry dependent 
[33 
hybrid model. The important input parameters required in 
this code are the initial exciton number, the level density 
parameter and the mean free path multiplier along with the 
description of projectile and target nucleus. The mean free 
path for intranuclear transition rates are calculated within 
the code either from imaginary optical potential using 
parameters of Bacchetti and Greenless or from Pauli 
IZ"-1 
Z-l I Z " ; 
z- 2 iz::: 
Fig. IV-1 SEQUENCF OF FLOW OF CODE ALICF 
I / 
[7] 
corrected N-N scattering cross-sections . The single 
particle level densities for neutron (g ) and 
proton (g ) are calculated as 
p 
g = 20 
e + B + 
1 n (1) 
r e + B + 
f n 
% 20 ...(2) 
where, s , B ,s, N, Z are the fermi energy, binding 
f n 
energy of the particle, channel energy, proton and neutron 
numbers of CN respectively. The level density of the 
nuclides plays an important role in statistical nuclear 
reaction. In this code following Fermi-gas level density 
formula has been used. 
.-5/4 
P(U) = (U- 6 )exp[2y a(U-6) ] (3) 
here, U is the excitation energy of the residual nucleus and 
(5 the pairing term (6 = 0 for even-even, Q = -6 for odd-even 
and 6 = 2(5 for odd-odd nuclides). The level density parameter 
'a- is taken equal to A/PLD, where, A the mass number of the 
compound system and PLD is the number which may be read as 
input data or taken equal to 9 by default option. 
The differential cross-section for emitting a particle at 
channel energy €L on the basis of equilibrium decay model 
given by Weisskopf-Ewing can be written as; 
(X 
^ J i = o 
« J i + i 
*E T;(e) E P(E.J)/D (4) 
where, X is the reduced de-Broglie wave length of the 
t K 
incident ion, T the transmission coefficient for the I 
partial wave of the incident ion, p(E,J) is the spin 
dependent level density for the residual nucleus, D the 
integral of the numerator over all particles and emission 
energies and I and J are the angular momentum of the emitted 
particle and the residual nucleus respectively. For 
simplification the level density p(E,J) is replaced by 
p(E,I) in the eqn.(4) to get 
oc <x 
. ( 5 ) 
— I = rrX E ( 2 I + 1)T (2S +1) E (21 + 1 )T ( e ) p ( E , I ) / D 
where, 
^ ^x> 1 = 0 1=0 
r ( 2 l + 1 ) T ' ( t ) = 2£T (e)me/TTh' • • • ( 6 ) 
s u b s t i t u t i n g , 
fd "1 ^ 
b i - ^ E crj2(2S^^+1)ff.^(e)mep(E,I)/D . . . (7) 
- -'" i=o 
The above approximation is generally known as S-wave 
L 4 ] 
approximation. However, it does not account- to the 
assumption that the emitted particles consist of only the 
S-waves, because the inverse reaction cross-section used is 
for all values of the orbital angular momentum of the 
emitted particle. 
[2].ACT 
tip] 
The code ACT is based on the lines of code STAPRE This 
code calculates energy averaged cross-section for particle 
induced nuclear reactions with several emitted particles and 
gamma-rays. The different ways of populating a particular 
state of a final nucleus by such a reaction are illustrated 
in fig.IV-2. Each evaporation step is treated within the 
framework of the statistical model with consideration of 
angular momentum and parity conservations. For the emission 
of the first particle pre-equi1ibrium decay is taken into 
account. For specified sequence of emitted particles the 
following quantities can be obtained for all nuclei involved 
in the cascade; 
i) activation cross-sections 
ii) population of isomeric states 
iii) production cross-sections for y-rays from low excited 
TCTT^TT, n 2 . r ) f i 
cr 
at 
c 
U J 
Ei i| n, 
Jla*T-7T, F2.rF Eo io Ho 
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Eo « o n o 
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levels 
iv) energy spectra for all emitted particles and 
v) the gamma ray production spectra 
Upto six sequentially emitted particles can be considered in 
the evaporation chain. Fig.IV-3. schematically illustrates how 
the calculations are performed. The nomenclature i$3 as 
follows: the i compound nucleus resulting from the 
emission of (i-1) of a specified sequence of emitted 
particles (|IT ,rr ,rT ) The primary population of states 
with an excitation energy in an interval AE around E, with 
angular momentum I and parity n is WB (E,I,n)AE. Subsequent 
J-ray cascades between the states of i CN lead to the 
populations WB (E,I,IT)AE. In the first step of the 
evaporation cascade pre-equi1ibrium emission is taken into 
account. For the fraction of the population of the compound 
system that survives pre-compound decay the Hauser-Feshbach 
(HF) formula is applied. In case the particle is evaporated 
at first, the corresponding pre-equi1ibrium contribution is 
added to the Hauser-Feshbach cross-section. All further 
evaporations are treated within the frame—work of the 
conventional evaporation model, giving the primary 
populations W B A E , combined with a y-ray cascade model, 
changing them to WB AE. From WB the activation 
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cross-section, population of isomeric states and related 
.Ih 
results for the i CN are obtained. The excited states of 
all nuclei relevant for a particular reaction are described 
by means of a level density formula p(E,I,rr). At low 
excitation energy the level density reads 
p(E,I,n) = Z i5(E-E )6_ 6 ...(8) 
I i l l ITTT 
At higher energies p(E,I,iT) is to be calculated by 
means of transmission coefficients for particles which are 
assumed to depend on energy and angular momentum of relative 
motion. The equilibration of the compound system formed by 
projectile JT and target T is treated in the frame-work of 
o 
,[7,8,26] 
excTton model . The population of states (E,I,rr ) 
resulting from the first equilibrium evaporation step is 
calculated using HF formula employing channel spin coupling 
[133 
scheme 
For a given compound nucleus, the effect of j-ray 
cascades starting from states (E,I,rr) with an initial 
population WB (E,I,n) is treated in the following way. The 
population of levels (E,I,rT ) by photon emission from levels 
(E,I,rT) is governed by the ratio of the partial width 
r . (E,I,iT;E,I,n ) to the total decay width r(E,I,fT). Thi s 
branching ratio is given by, 
r(E,I,rT;E,I,iT) 1 
IT (E-E) ...(9) 
r(E,I,n) N(E,I,IT)'' VML 
where, N(E,I,n) is the HF denoimnator. The population 
WB (E ,I,n )AE of levels (E,I,IT ) by n successive gamma 
transitions can be obtained from the relation 
E 
max 
3 ( E , I , n ) A E = E dE WB ( E , I , n 
T TT -^  i r -
r. ( E , I , n ; E , I , i T ) 
* — p / c T ^^ P- ( E , I TT )AE . . . ( 1 0 ) 
1 ( E , I , IT ) ;•• 
where, E is the maximum energy up to which the considered 
rnax 
CN is populated. The cumulative population WB (E,I,n)iiE 
resulting from all gamma ray cascades posssible is given by, 
— , , , , « , . 
WB (E,I,n)AE =,.^ H^ WB' " ( E' I jir' )AE' . . . .(11 ) 
This quantity is relevant for all calculations. 
The gamma ray transmission coefficients are related to the 
strength function in the usual way given by Bartholomew et 
, C14] 
al . as; 
<r. (E,I,IT;E,I,TT)> 
...ITT^^) - ^^^' D^^ ,.^^..,.,...,.,.... ___^^^^ 
where. <r (E,I,IT; E,I,TT)> is the average width for decay 
}-xL 
of State {E,I,iT) to a state (E'ljrr') by emission of photon 
of multipole type XL and energy £ = E - E'. 
r 
The simplest model for gamma strength function is the 
Weisskopf ' model based on single particle estimate which 
leads to energy independent strength function. For the 
dominant El radiation, a more detailed treatment is 
provided. As a more successful alternative to the Weisskopf 
model, the E1 strength function can be obtained from the 
average photo absorption cross-section <£! {£ )> by means 
. [14 ] 
of Brink hypothesis For the energy dependence Lorentz 
form is adopted. Global parameters have been proposed by 
Brink and Axel For deformed nuclei the splitting of the 
E1 giant resonance is accounted for by superposition of two 
Lorentz curves. In order to reproduce experimentally 
determined E1 strength function an energy independent 
contribution (Weisskopf model) is added to the energy 
dependent one. The El strength function can optionally be 
normalised by reproducing the experimentally observed 
average total radiation width at the neutron binding energy. 
For the latter quantity, an interpolation formula proposed 
by Gardner can be used . The level density p(E,I,n) is 
calculated within the frame -work of the 'back-shifted' 
Fermi-gas model The level density is assumed to be 
independent of parity. The energy and spin dependence is 
obtained from the expression by Lang ' , 
p(E,I,iT) = ^  p(E,I) ...(13) 
p(E,I) = c...(E,M=I) - 6j (E,M=I + 1 ) 
co(E,M) 
exp{2[a(E - A - h^M^/(2e )f ^^} 
12{(29 . ./h^ )}^ ''^ [E -A -h^MV(2e ,.J + t] 
w t t ell 
E = at^- - t + h^M^/(2© . . ) ...(14) 
2 ell 
The parameters of the model are the level density 
parameter a, the effective moment of inertia & ,, and the 
fictive ground state position A . A compilation of level 
density parameters for the back shifted Fermi-gas model has 
CiB] 
been published by Dilg et al . and the same has been used 
for the present calculations. 
[3].EXIFON 
[21] 
The code EXIFON is developed by H.Kalka on the 
basis of an analytical model for statistical multistep 
compound (SMC) and multistep direct (SMD) 
[21-24,2<5] 
processes . The code EXIFON calculates the 
activation cross-sections using a set of global 
parameters ' . The initial exciton number (n )in this 
o 
code is taken equal to 3. The pairing, Pauli-blocking, shell 
structure and the Coulomb effects are taken into 
consideration. The differential cross-section for the 
reaction (a,b) in this code is given by, 
d^,'^'.^!L_|T.i'a(E-E. ) 
dE k' '^'-' '" • 
b o 
where, the T matrix can be written as 
.(15) 
T . = I C <d) I T j (t* > ...(16) 
here, the final wave function has been decomposed into 
states of exciton classes n = p + h, v is a running index in 
class n. For complex nuclei and sufficient high incident 
energies, the cross section cannot be evaluated 
microscopically. The incident energy averages taken over 
levels of the A- body system yields the decomposition in 
such cases. 
T ^ (E ) = <T (E )> + T ^ W E ) ...(17) 
ab a ab a A ab a 
f I 
with <T > = 0 
ab A 
and <T (E )> - T , (E + iA ) - T " fE ) , . . . ( 1 8 ) 
a b a A a b a a a b a 
where, the averaging width is taken as A :^  0.1- 1 .OMeV 
and T" the multistep direct part of the transition 
ab 
[23] 
operator 
Here, T = T and the differential cross section is given 
ab ab 
as, 
b a 
Now if one take an exit channel average one arrives at the 
analytical expressions for the SMC and SMD cross-sections 
SMC , SMD 
as, , / da . ^  ^ dcr , da , , . // ab \ \ _ ab _^  ab ...(20) 
dE A A-1 dE, dE, 
b b b 
The particle state density (exciton) of the composite 
system results from pole parts of the bound Green function 
and is given by the independent particle model using the 
Ericson formula as , 
— — G^(n,n) ^ I 6(E-e , ) = E "3 E - r e l 
g(gE) 
p!h!(n-1 ) — /-\ (E) ...(21) 
here, the densities of the mean field single particle 
and hole states j of energy e are approximated by g, 
k jk 
i.e., the single particle state density at Fermi energy £. 
The explicit values of all mean-square matrices are obtained 
in three steps. 
(i) The dependence of exciton number is absorbed into the 
(two-body) partial state densities induced above. 
(ii) All types of unbounded mean-squared matrix elements are 
—2 2 
reduced to bound-bound ones, I = (V /A) where, V is the 
B O O 
Strength of the residual interaction, 
y {r ,r ) =-V — n r u ( r - r ) 
1 2 O 3 1 2 
(22) 
(iii) Finally V is found by equating the optical model (OM) 
o 
reaction cross-section to the same quantity evaluated from 
[11] 
the particle-hole concept 
Now the SMC cross-section is obtained using the contraction 
4. u • ^24] 
technique as , 
_, S M C _ ^ 
da (E ) 
~dF 
4TT -B _B 
«\Jabfi<^a-^'>A>*-1 
a a TT h ', nb b ' nb ...(23) 
where, r satisfies the time-integrated master equation [223 
-ho = r n-2i' T +1 T n - 2 n + 2 »» vi + : - r (24) 
The subscripts (+), (0), and (-) refers to An = +2, 
0,-2 respectively. Here, the damping and escape widths are 
given by, 
[ = 2nl p (E), 
n •• B n 
(25) 
—2 <An-l> , , (26) 
E-E. 
^ < an ) 
b = V,TT-|0 b no b 
.(27) 
The total width is 
,< + > 
n n 
,< - ) ,(0) 
^ n i- n ' n ' 
,< + > 
The escape mode F is absent since it is impossible 
from energetical arguments. The sum over the exciton numbers 
1/2 
in the eqn.(23) runs from n - 3 up to (2gE) which 
1/2 
includes the equilibrium stage n i^ (1.4gE) . Finally the 
normalization constant in eqn.(23) is approximated by, 
SMC. ^ _ SMC. ^ OM,^ , _ SMD,^ , 
a (E) - £ a ( E ) - a ( E ) - 2 f f ( E ) 
a a , ab a a a ** ab a 
b b 
(28) 
S'MD 
which IS dictated by flux conservation and a , (E) is the 
ab 
SMD cross-section given by, 
SMD , 
da ^ (E ) 
a b a 
d? 
4rr" u u /T T (5(E - E ) \ ^ \ ab ab a b / A - l 
^^^^?^ 
'•s 
AecNo. 
^ 
t:><s ^4oB ?i 
^^9Lfu »i'.:>r 17H. 
da\"(E ) 
ab a. 
= E-B1 •••(2S) 
r = l a 
The first chance collision will be evaluated within the 
SMD-SMC model as, 
: = r a (E )P (cose) 
dE, dJi, dE, ^ 4n L^ b' L^ 
b b b L=0 
da (E ) 
a. b b 
4IT dE. 
b 
...(30) 
Here, the angular distribution of SMC emission is 
assumed to be isotropic, while for the SMD processes the 
C28] 
empirical systematics of Kalbach and Mann are adopted. 
Since the SMD process terminates after a few collisions, it 
is restricted to one-step and two-step contributions for the 
incident energy range below 30MeV. In the case of phonon 
excitations, we restrict ourselves to two low-lying 
. n + 
vibrational states of multipolar!ty A. — 2 and 3 .The SMC 
processes are calculated by adopting the restricted partial 
C25] 
state densities . Both Pauli correction and pairing are 
considered by an energy shift 
g 
a'^ , = A , {1 + [2gA(A)/n]^}^^^ + -—[A^(A) - A(A)] ...(31) 
ph pn 4 O 
where, 
A ^ = (p^+ h^+ p -3h)/4g . . .(32) 
ph 
The ground state correlation function A (A) = A (N,Z) 
o o 
depends on the neutron and proton numbers in the nuclear 
system. This quantity can be obtained from the condensation 
2 
energy C(N,Z) = gA /4 inferred from odd-even mass 
o 
differences. The energy shift in the above equation enters 
the restricted partial state densities in different 
modifications. More precisely, A n-1 
gph (n-2) f E - a^  'f'^ 
P : - ' ( E ) = — - , — I ; ; ' • " • ] . . . ( 3 4 , 
where, E = E-a. Similarly, the residual excitation 
< An-1>, , . , , 
energy U which enters p (U) in the escape width (26) 
should be replaced by, 
U = E - B - E - a"^ "^  ...(35) 
b b p+Ap,h+Ah 
where, 
Ap = An/2 -1 and Ah = An/2. 
The double differential cross-sections for the reaction 
(a,xb) is given by, 
d^a (E ) 
a, xb a 
dE dO 
b b 
a ,, X b b 
* E • 
L = 0 
2L +1 
4n 
<a,xb ) 
r (E ,EJP (cose) 
j a b L (36) 
where, the differential cross-section (energy spectrum), is 
given by the eqn., 
da (£) 
a, xb b 
"di; 
dtl ^° V ^° lU 
a,b _ a,cb _ a,cdb 
dE dE dE 
(37) 
is the sum of first-chance emission, second-chance emission, 
etc, 
Assuming the isotropic multiparticle emission, the Legendre 
coefficients in eqn (36) is simplified to (L ^  1). 
dcr SM U ) 
ab ^ / 
dff J E ) 
a., Mb a 
d l 
\^%^ (38) 
[Hence forth, the particle type a,b = p,n and / denotes 
proton, neutron and j'-rays] 
The following (model-independent) relations for the 
energy-integrated cross-section should be satisfied (at 
incident energies E ) 
a, x b 
+ l£J + 1 .fl 
a,h c a,ch cd a,cdb (39) 
where, the p a r t i a l c r o s s - s e c t i o n s are g iven by, 
n = I a and a = Za . . . ( 4 0 ) 
li, b c ci,bc ci, DC d a,&ou 
etc. 
here, the OM r e a c t i o n c r o s s - s e c t i o n i s de f ined as , 
OM 
ff (E ) = £ a ^ ( E ) . . . ( 4 1 ) 
a a ** a , b a 
b 
The total emission cross-section becomes of the form 
which contains excitation functions ( eg. as measured by 
activation technique) only 
r = a + Z{a + a 
a, Mb a,bv c a,bcv a.ch/ 
+ E (t^  . ,. + ° , ,. + t^  „,. ) + (42) 
"* a,bedj-- a,c' _, , _,.bdif a,cdb}'' O , d 
where, b.c.d ^ y 
Neglecting the charged particle emission, this equation 
reduces to 
a = E i'cr ,, . . .(43) 
otherwise, for example, the (a,2nj^) excitation function can 
be calculated by the reaction 
CT„.=cr - a ...(44) 
a , 2 n^ - a , 2 n a,3n 
In this code the multiple particle emission (MPE) is 
treated as pure SMC. Hence the eqn.(23) is modified in two 
respects, (i) the residual excitation energy U given in 
eqn(35) which enters the escape widths should be 
U = E - B - B - E - a . ^ .^  ...(45) 
c cb b p+Ap,h+an 
for the second chance emission (a,cb), and 
A - c - d - b 
U = E - B - B - B ^, - E, - a , . , , . . . ( 4 6 ) 
c c d c d b b p+Ap,h+Ah 
for the third chance emission (a,cdb) respectivley. The 
quantities B , and B , are the binding energies of the 
c b cdb 
particle b in the residual system (A-c) and (A-c-d) The 
normalization constants in eqn. (23) should be replaced by, 
(a - a ) for (a,cb) process and by (a - a ) for 
a,c a,e^- a,cd a,cdj'' 
(a,cdb) process respectively. 
The approximate expression for the y emission processes are 
CI . (E ) - f dE [da (E )/dE ] -..(47) 
c a, c a c 
E-B -B 
J:-B -B 
ff ,. (E) - ( dE fdff (E )/dE 1 . ..(48) 
all other SMC quantities remains the same as the first 
chance emission case i.e., the damping widths as well as the 
energy denominators within the escape widths are both 
* A 
referred to E = E- a , . 
ph 
The following global parameters have been used in this code, 
Strength of surface-delta interaction V= 27.5 MeV, 
-2/3 -4/3 
radius parameter r = 1.21+4.0A -15A fm, 
o 
potential depth V = 52 -0.3E MeV, 
O a 
Fermi energy E = 33 MeV 
F 
g-value = 8.15, Phonon width = 1.40 
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CHAPTER-V 
RESULTS AND DISCUSSION 
The experimentally measured cross-sections for the 
reaction Te(p,n) I at different incident energies are 
tabulated in table.V-1, while the measured excitation 
function is shown in fig.V-1. To the best of our knowledge 
it is the first measurement of the excitation function for 
the reaction Te(p,n) I and hence no comparison with the 
literature values is shown. The cross section for the 
130m 
formation of the isomeric state I could not be measured 
separately in the present experiment because of its 
relatively short half-life ( 9.0 min.) and large time lapse 
(14 hrs.) between the stop of irradiation and the start of 
counting. The 9.0 min. isomeric state ( I) decays to 
130 
I, and hence the measured reaction cross-section is the 
sum of these two. In the present measurements, j-'-rays of 
energies 418.0 keV., 536.1 keV, 668.56 keV, 739.48 keV and 
130 
1157.49 keV originating from I have been observed. The 
measured relative intensities of these gamma-rays are 
tabulated in table,V-2 alongwith literature values. All the 
decay parameters used in analysis are taken from ref.[1-4,9] 
(qui)-o 
The excitation functions in the past have generally 
been analysed using the semi-classical theories. However, in 
recent years the quantum mechanical (QM) theories have also 
been developed for the nucleon induced reactions. In the 
present work we have analysed the measured excitation 
190 130 
function for the reaction Te(p,n) I using both the 
semi-classical as well as QM theories using a consistent set 
of parameters. These parameters for the semi-classical 
approach were obtained from our earlier analysis of neutron 
Cll-ld] 
and alpha-induced reactions . The computer codes 
ALICE/LIVERMORE-82^°^ and ACT^ ^^  have been used for the 
semi-classical analysis, while, the code EXIFON has been 
used for the QM description of the data. Brief details of 
the various parameters in different codes are summarised in 
the following parts. 
[1]. Analysis with code ALICE/LIVERMORE-82 
In the present calculations the optical model (OM) 
[18] 
parameters of Bachetti and Greenlees have been used for 
the calculation of absorption and inverse cross-section. In 
the Weisskopf-Ewing formalism, cross-section for the 
formation of the compound nucleus depends critically on the 
level density parameter a. The value of a' = A/10, where 
A is the atomic mass number of the target nucleus has been 
used. This choice of a^' gave a satisfactory reproduction of 
the experimental data in the lower energy part, where CN 
emission dominates and was also used in our earlier 
analyses. 
The initial exciton number (n ), needed in the 
o 
calculation of PE component is taken equal to 3 (with 2 
particles and 1 hole). This may be justified if one assumes 
that the first interaction of the proton with the target 
nucleus excites a nucleon from the bound state to the 
continuum resulting in the 2 particle and 1 hole state. The 
intranuclear transition rates, which is treated as free 
parameter, may be adjusted in this code by varying the 
parameter 'COST', the mean free path multiplier. In the 
present calculation the mean free path multiplier COST has 
been kept equal to 3 as was done in our earlier analysis of 
neutron and alpha induced reactions. The excitation function 
calculated with this code is shown in fig.V-2. 
[2]. Analysis with code ACT 
In computer code ACT, as already meantioned, the CN 
calculations are performed using the Hauser-Feshbach (HF) 
model while the PE emission is simulated using the exciton 
oo 
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model (EM) of Griffin. The transmission coefficients needed 
in these calculations have been generated using the optical 
model code 'TLK' which uses the optical potentials of 
[17] 
Bacchetti and Greenlees for various particles. The level 
density, which determines the shape of the equilibrium 
component, is an important parameter in these calculations. 
The level density parameter a' and the fictive ground state 
energy A are taken consistently from the tables of Dilg et 
CB] 
al . The effective moment of inertia ^ ,, of the nucleus 
©ff 
is taken equal to the rigid body value. This choice of the 
parameters has been made on the basis of our earlier 
measurements and analyses of alpha and neutron induced 
Cll-lcH 
reactions 
The initial exciton number n in these calculations is 
o 
also taken equal to 3 (n =2 and n =1), as was done in the 
P ^ 
calculations with code ALICE. In the EM the intranuclear 
transition rates depend directly on the average of the 
square of matrix element for two-body residual interactions 
}M| . In absence of any microscopic description for |M| it 
is generally computed from the expression |M| =F .A .U , 
where, A and U are the atomic number and the excitation 
energy of the compound system, and F is a constant. F is 
M M 
generally treated as an adjustable parameter to match the 
calculated excitation functions. In some of our earlier 
analysis of neutron and alpha induced reactions ~ , a 
3 
value of F =430 MeV was found to give satisfactory 
M 
reproduction of the experimental excitation functions. In 
the present analysis also the same value of F is retained 
in order to see if this value of F is a sort of global 
M 
prescription which may give satisfactory representation of 
the data, for all reactions of the type (a,xn,yp,zcx) where, 
a = (p,n,oi) and x, y and z can have values 1, 2, 3, etc. The 
calculated excitation function using the code ACT is shown 
in fig.V-3. 
[3]. Analysis with code EXIFON 
The code EXIFON is based on an analytical model for 
statistical multistep direct and multistep compound 
reactions (SMD/SMC model). It predicts the activation 
cross-section including the pre-equi1ibrium, as well as the 
direct (collective and non-collective) processes within a 
pure statistical multistep reaction frame-work. This 
approach is based on many body theory (Green's function 
formalism) and random matrix physics. The initial exciton 
number in this code is also taken equal to 3 for nucleon 
oo 
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induced reactions. The standard set of parameters used in 
this code is mentioned in ref.[10]. The excitation function 
calculated using this code is shown in fig.V-4. 
Table V-3, lists the various possible reactions, their 
Q-values, half-lives and the prominent y-rays associated 
with the residual nucleus in each case. From the point of 
view of energetics, reactions (p,n), (p,2n), (p,pn), 
3 
(p,p2n), (p,2p), (p,He ), (p,a) and (p,an) are possible with 
the incident protons of 18.0 MeV. However, the residual 
nuclei of the reactions (p,2n) (p,p2n) and (p,p') are stable 
and therefore, the cross-section for these cannot be 
measured by stacked foil technique. 
In fig.V-5, the calculated excitation functions using 
the code ALICE, ACT and EXIFON are shown along with the 
experimentally measured excitation function. It may be 
pointed out that all the present calculations are done with 
the parameters obtained from our earlier analyses of alpha 
and neutron induced reactions and no attempt has been made 
to reproduce the experimental data by varying the input 
parameters. As can be seen from fig.V-5, all these three 
codes give more or less similar qualitative description of 
the data in the broad peak region where the CN evaporation 
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dominates, but none of them reproduces the experimental data 
in the tail portion i.e., the region of PE emission. As 
such, it appears that for this particular reaction, there is 
no specific advantage in using the QM code over the 
semi-classical codes This is important in view of the fact 
that QM codes for complex particles ( like a- particles ) in 
input channel are still involved. 
As can be seen from figs.V-6 and V-7, the tail portion 
of the calculated excitation function can be raised by 
suitably varying the parameters F etc. Further, from table 
In 
V-3, it seems that there can be some contribution from 
3 128 
(p, He) reaction which produces the residual nucleus Sb 
having the ^ -rays of energies closer to the energies of 
130 
J-rays of I. Also, there may be some contribution from 
Compton scattered Y~ rays of other reactions. It may be 
noted from table V-2., that the relative intensities of 
observed j-'-rays do not match well with the literature values 
if normalization of intensities is done using 536 keV j^ -ray. 
However, if the intensities are normalised with respect to 
the ^ ---ray of energy 739.48 keV, the relative intensities 
match better, except for the 536 keV ^-ray relative 
intensity becomes ^ 104. This might indicate that in 536 
o 
CM 
m 
i n 
n CN 
O 
CM 
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o 
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O 01 
'- 5 
a. 
< (..-. 
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-? 
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n 
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2: 
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n» t 1 1 1 I l l i i i I i i I l i n I i I 1 1<V| 
m 
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(t?uJ)-D 
keV j-'-ray counts, there is contribution from other residual 
nucleus. Further investigations in this direction are still 
underway. 
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Table V-1 
Measured value of cross-sections 
at different proton energies 
Incident Energy 
(MeV) 
4.87+ 
7.46± 
9.65± 
11.9 + 
13.98± 
16.04+ 
17.99+ 
.5 
.5 
.5 
.5 
.5 
.5 
.5 
Cross section 
(mb) 
8.76 +0.09 
282.35 ±a.e 
262.50 +5i.3 
132.15 +l.a 
94.85 +1.8 
77.93 tZ.a 
103.24 +0.6 
Table V- 2 
Relative intensities of different ;^ -rays of 
130 
Energy 
(keV) 
418.0 
536.1 
668.56 
739.48 
1157.49 
Literatue value 
( % ) 
34.2 
99.0 
96.1 
82.3 
11 .3 
Observed value {%) 
relative to 
536.1 keV 
33.021 5.75 
99.0 + 9.95 
91.19± 9.55 
78.24± 8.84 
9.21± 3.03 
relative to 
739.48 keV 
34.73+ 4,89 
104.14±10.2 
95.92+ 9.79 
82.3 + 9.07 
9.69± 3.11 
IJ i 
Table V-3 
Different reactions possible with the incident proton 
energy of 18.0 MeV, their Q-values, residual nucleus 
their half-lives, prominent .^ -rays and their intensities 
Reaction Q-value Residual half prominent Intensity 
(MeV) Nucleus life j^ -rays % 
.130 ( P , n ) 
( p , 2 n ) 
( P , P ) 
( p , p n ) 
- 8 , 
( P , p 2 n ) 
( P , 2 p ) 
- 1 .24 
- 7 . 6 9 6 
0 . 0 
I 
12P 
130 
Te 
- 8 . 4 ^ ^ ^ e ^ ' " * ^ 
,3 Te 33. 
- 1 3 . 5 
- 1 0 . 0 1 
_ 12B 
Te 
Sb^^^ 
12 .36h 
s t a b l e 
s t a b l e 
1 .6 h 
,6 d 
s t a b l e 
4 . 4 h 
695 
418 
536 .1 
668 .56 
739 .48 
1157.49 
459 
3 . 
344 
34 .2 
99 .0 
9 6 . 1 
8 2 . 3 
11 .3 
7.7 
0 
17 .9 
3 128 
(p,He ) -10.28 Sb 9.0 h 
(p.a) +4.22 Sb*^^ 3.85 d 
(p,an) -4.2 Sb^ *^* 12.4 d 
683 
812 
526 
667 
743 
473 
685 .7 
784 
414 
554 
666 
695 
770 
5 .1 
4 3 . 0 
4 5 . 0 
2 .0 
100 
24 .7 
35 .3 
14.5 
83 
6 .7 
99 .7 
99 .7 
5 5 . 8 
it 
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